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>@ LQ WKH FXSUDWH KLJK7F VXSHUFRQGXFWRUV +76& 7KHQ D VLPLODU UHVRQDQW PRGH 50 KDV DOVR EHHQ
UHSRUWHGIRUDQXPEHURIKHDY\IHUPLRQDQGLURQSQLFWLGHVXSHUFRQGXFWRUVVXFKDV83G$O>@&H&R,Q>@
&H&X6L>@%D)H$VEDVHGFRPSRXQGV>@7KHFKDUDFWHULVWLF50IHDWXUHVDUHLWVVWURQJORFDOL]DWLRQLQ
ERWK HQHUJ\ DQGPRPHQWXP VSDFH DQG LWV VXSSUHVVLRQ RQ LQFUHDVLQJ WKH WHPSHUDWXUH DERYH7F 7KH50 LV
RIWHQFRQVLGHUHGWREHKDOOPDUNRIXQFRQYHQWLRQDOVXSHUFRQGXFWLYLW\+RZHYHUH[FLWDWLRQVRIWKLVW\SHVHHP
WR EH PRUH JHQHUDO DQG DSSDUHQWO\ LQKHUHQW WR WKH V\VWHPV ZLWK JDSOLNH G\QDPLFDO UHVSRQVH DQG D
FRPSHWLWLRQRIGLIIHUHQWLQWHUDFWLRQVIRULQVWDQFHK\EULGL]DWLRQRIIDQGGHOHFWURQVWDWHVFU\VWDOOLQHHOHFWULF
ILHOG DQG LQWHUVLWH H[FKDQJH LQWHUDFWLRQ 5HFHQWO\ 50OLNH H[FLWDWLRQV KDYH EHHQ REVHUYHG EHORZ WKH
RUGHULQJ WHPSHUDWXUH LQPDJQHWLF&H5X$O >@DQG&H%>@0RUHRYHU WKHSRVVLEOHH[LVWHQFHRI VLPLODU
H[FLWDWLRQVKDVEHHQGLVFXVVHGIRUVHPLPHWDOVOLNHJUDSKLWH>@











)LJE DURXQG T      ZKLFK FRUUHVSRQGV WR WKH %ULOORXLQ ]RQH ERXQGDU\ DORQJ WKH [ [ [
GLUHFWLRQ/SRLQW7KHRYHUDOO4GHSHQGHQFHRI0LQWHQVLW\IROORZVWKDWRIWKH<EPDJQHWLFGLSROHIRUP
IDFWRU >@7KH HQHUJ\ GLVSHUVLRQ RI0 LV UHODWLYHO\ZHDN EXW QHYHUWKHOHVV GHPRQVWUDWHVZHOOGHILQHG
PLQLPXPDWWKH/SRLQW>@
 
)LJ  D0DJQHWLF H[FLWDWLRQ VSHFWUXP RI<E% >@PHDVXUHG RQ D VLQJOH FU\VWDO DW7  .T     %ULOORXLQ ]RQH
ERXQGDU\ DORQJ WKH [ [ [ GLUHFWLRQ 6\PEROV H[SHULPHQW OLQHV ILWZLWK WKUHH VSHFWUDO FRPSRQHQW KDWFKHG DUHD UHVRQDQWPRGH
E,QWHQVLW\PDSLQDUELWUDU\XQLWVDW7 .IRUWKHPH9SHDN0RYHURQHTXDGUDQWRIWKH%ULOORXLQ]RQHDGDSWHGIURP>@
FLUFOHVGHQRWH4YHFWRUVDWZKLFKHQHUJ\VSHFWUDKDYHEHHQPHDVXUHG
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2Q LQFUHDVLQJ WHPSHUDWXUH WKHPDJQHWLF H[FLWDWLRQ VSHFWUXP VWDUWV WR WUDQVIRUP >@ WKH VSLQ JDS LV
JUDGXDOO\ ILOOHGE\ WKHEURDG * §PH9TXDVLHODVWLF VLJQDOZKHUHDV00DQG0DUH FRQFXUUHQWO\
VXSSUHVVHG 7KH WUDQVIRUPDWLRQ WR WKH KLJKWHPSHUDWXUH VSLQIOXFWXDWLRQ UHJLPH ZLWK UHVLGXDO FU\VWDOILHOG
HIIHFWVLVFRPSOHWHGQHDU7a.+RZHYHU0EHFRPHVXQGHWHFWDEOHDOUHDG\DW7a.VHH)LJE
7KH HQHUJ\ RI 0 LV DOPRVW WHPSHUDWXUH LQGHSHQGHQW ZLWKLQ LWV ZKROH UDQJH RI H[LVWHQFH ZLWK D VOLJKW
GHFUHDVHDERYH7 .VHH)LJD
,Q WKH H[SHULPHQW RQ WKH HOHFWURQGRSHG V\VWHP <E[=U[% >@ LW ZDV VKRZQ WKDW 0 LV FORVHO\
FRQQHFWHGZLWKWKHH[LVWHQFHRIWKHVSLQJDS)LOOLQJRIWKHVSLQJDSGXHWRWKHVXEVWLWXWLRQRI<EE\=UUHVXOWV
LQWKHVXSSUHVVLRQRI02QWKHRWKHUKDQGɆVHHPVWREHOHVVUREXVWWKDQWKHVSLQJDSLWVHOI,QSDUWLFXODU




RQH WKH WUDQVLWLRQ IURP D VHPLFRQGXFWLQJ WR DPHWDOOLF VWDWH RFFXUV 7KH ILOOLQJ RI WKH JDS LQ WKH HOHFWURQ
GHQVLW\RIVWDWHVZDVFOHDUO\REVHUYHGLQWKHWHPSHUDWXUHHYROXWLRQRIWKHG\QDPLFDOFRQGXFWLYLW\>@7DNLQJ
LQWR DFFRXQW WKH DERYHPHQWLRQHG SURSHUWLHV RI 0 WKLV H[FLWDWLRQ FDQ EH DVFULEHG WR D 50 ZKLFK
FKDUDFWHUL]HV WKH ORZWHPSHUDWXUH VHPLFRQGXFWLQJQRQPDJQHWLF VWDWH LQ<E% ,QDQDORJ\ZLWKRQHRI WKH
LQWHUSUHWDWLRQVIRUWKH50LQWKHFXSUDWHKLJK7FVXSHUFRQGXFWRUV>@WKLVH[FLWDWLRQLVSURSRVHGWREHDVSLQ
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$FFRUGLQJ WR OLWHUDWXUH GDWD >@ D PDJQHWLF ILHOG RI  7 UHGXFHV WKH LQVXODWLQJ JDS RQO\ VOLJKWO\
7KHUHIRUHFKDQJHVLQWKHH[FLWDWLRQVSHFWUXPXQGHUWKHDSSOLFDWLRQRIDPDJQHWLFILHOGDUHH[SHFWHGWRUHIOHFW
WKH HYROXWLRQ RI H[FKDQJH LQWHUDFWLRQV 2QH VWUDLJKWIRUZDUG HIIHFW ZRXOG EH D =HHPDQ VSOLWWLQJ RI WKH
UHVRQDQFHSHDN HJ LI WKH50FRUUHVSRQGV WR D VLQJOHWWULSOHW WUDQVLWLRQ+RZHYHUZHKDYHREVHUYHGQR
FOHDU VSOLWWLQJ RI WKH50 LQ<E% WKRXJK VRPH HQHUJ\ EURDGHQLQJ FRXOG EH LQGLFDWLYH RI DPLQRU HIIHFW
&DUHIXO VWXG\RI WKLVEURDGHQLQJZLOOEH WKH VXEMHFWRI IXWXUHH[SHULPHQWV)RUQRZ WKHPDLQ UHVXOWRI WKH
DSSOLFDWLRQRIWKHPDJQHWLFILHOGLVDUHGXFWLRQRIWKH50LQWHQVLW\$WORZWHPSHUDWXUHWKLVUHGXFWLRQLVDERXW
















ZKLFK LV ILOOHG UDWKHU WKDQ FORVHG DV 7 LQFUHDVHV >@ 7KH VSHFLILF IHDWXUH RI 6P% LV WKH HVVHQWLDOO\
LQWHUPHGLDWHYDOHQFHRIWKH6PLRQVY§>@
7KH50LQ6P%LVDUHVROXWLRQOLPLWHGSHDNZLWKVWURQJORFDOL]DWLRQQHDUWKH%ULOORXLQ]RQHERXQGDU\DW










SURSRVHGE\.LNRLQDQG0LVKFKHQNR>@ ,Q WKLVPRGHO WKH50LV LQWHUSUHWHGDVDQDORJXHRI WKH)o)
VSLQRUELWWUDQVLWLRQRIWKHSDUHQW6PFRQILJXUDWLRQWKDWUHQRUPDOL]HGGXHWRIRUPDWLRQRIWKHLQWHUPHGLDWH
YDOHQFHVWDWH




]RQH DGDSWHG IURP >@ E4GHSHQGHQFH RI WKH UHVRQDQWPRGH LQWHQVLW\ LQ 6P% 6P/D% DQG 6P/D% DORQJ [[[
GLUHFWLRQDW7 .FRPELQHGGDWDIURP>@'DVKHGOLQHPDJQHWLFGLSROHIRUPIDFWRUIRUWKH)o)VSLQRUELWWUDQVLWLRQRI





50 WKDW RFFXUULQJ LQ VRPH PDJQHWLF FRPSRXQGV DQG GHVFULEHG DERYH 50 LQ VWURQJO\ FRUUHODWHG








WKH PHFKDQLVP E\ ZKLFK WKH JDS GHYHORSV ,Q WKH V\VWHPV ZKHUH WKH HOHFWURQLF RU WKH VSLQ JDS RSHQV
JUDGXDOO\WKH50HQHUJ\VLPSO\IROORZVWKHHQHUJ\RIWKHJDSHGJH+RZHYHULIWKHJDSGHYHORSVDEUXSWO\
OLNH LQFXSUDWH+76&>@ WKH50HQHUJ\DOVRUHPDLQVQHDUO\FRQVWDQW7KXVDGHWDLOHGVWXG\RI WKH50
FRXOGJLYH DZD\ WR WUDFH WKHGHYHORSPHQWRI WKH VSLQ JDS DQG HYHQ WKHFKDUJH JDSE\PHDQVRI LQHODVWLF
QHXWURQ VFDWWHULQJ &ORVH FRQQHFWLRQ EHWZHHQ WKH UHVRQDQWPDJQHWLF H[FLWDWLRQ DQG WKH FKDUJH H[FLWDWLRQ
VSHFWUXP LVZHOO NQRZQ IRU VXSHUFRQGXFWRUV >@ZKHUH D IHHGEDFN IURP WKH50PDQLIHVWV LWVHOI DV WKH VR
FDOOHG³SHDNGLSKXPS´ IHDWXUH LQ WKH DQJOHUHVROYHGSKRWRHPLVVLRQ DQG WXQQHOLQJ VSHFWUD$TXLWH VLPLODU
HIIHFWKDVEHHQUHSRUWHGIRU6P%>@ZKHUHWKH50LVGLUHFWO\UHODWHGWRWKHFKDUJHVXEV\VWHPYLDWKH
IRUPDWLRQ RI DQ H[FLWRQLF LQWHUPHGLDWHYDOHQFH VWDWH 6RPH LQGLFDWLRQ RI WKH H[LVWHQFH RI D SHDN LQ WKH
SKRWRHPLVVLRQVSHFWUDRI<E%DWQHDUO\WKHVDPHHQHUJ\DVWKH50KDVDOVREHHQUHSRUWHG>@
,Q FRQFOXVLRQ LW LVZRUWK QRWLQJ WKDW WKH50V IRXQG LQ<E% DQG6P% DUH QRW LVRODWHG FDVHV DPRQJ
.RQGRLQVXODWRUOLNHV\VWHPV%DVLQJRQRXUH[WHQVLYHVWXG\RI<E%DQG6P%ZHKDYHLGHQWLILHGGDPSHG
 K.S. Nemkovski et al. /  Physics Procedia  42 ( 2013 )  18 – 24 23

50V LQ WKH G\QDPLFDO PDJQHWLF UHVSRQVH RI WKH PHWDOOLF VSLQJDS V\VWHPV 6P[<[6 >@ DQG
(X&X6L[*H[>@([FLWDWLRQVGLVFRYHUHGORQJDJRLQWKHVHPLPHWDOOLFKHDY\IHUPLRQFRPSRXQG&H1L6Q
>@ ZLWK DQ DQLVRWURSLF K\EULGL]DWLRQ JDS PLJKW DOVR EH RI 50 W\SH WKRXJK WKLV SRVVLELOLW\ KDV QRW \HW
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